Aim A major limitation to plant growth in acid soils is the prevalence of toxic Al
Introduction
Crop productivity can be limited by both low and high pH soils. While acid soils have pH < 7.0 and alkaline soils have pH > 7.0 yields crop production is generally not affected until pH is less than 5.0 or greater than 7.5. When pH is less than 4.5 aluminium is released from the aluminosilicates and other minerals such that trivalent aluminium cations (Al 3+ ) become the dominate monomeric Al species in solution. Micromolar concentrations of Al 3+ can rapidly inhibit root growth of wheat (Ryan et al. 1992 ) and the small root systems have reduced capacity for water and nutrient uptake (Foy 1984; Kochian 1995) . Acid soils restrict nutrient uptake in other ways. Al 3+ can directly inhibit the transporter absorbing K + and Ca 2+ or form insoluble complexes with phosphorus which reduces its availability to plants (Gassmann and Schroeder 1994; Pineros and Tester 1993; Zheng 2010) .
Alkaline soils also limit plant growth through nutrient deficiencies and toxicities. Some micronutrients are less soluble at high pH (e.g. Fe and Mn) and the availability of other minerals is reduced through the formation of complexes. For instance, high calcium concentrations can reduce phosphate availability and HCO 3 − and clay minerals can reduced zinc availability (Adcock et al. 2007 ). Boron and sodium toxicities can be important constraints in some alkaline soils and HCO 3 − / CO 3 2 − -related stresses are also important (Millar et al. 2007 ).
Many plants have adapted to acidic soils by evolving mechanisms that either exclude Al 3+ from the root cells or accumulate and sequester them in the vacuole (Kochian et al. 2015; Ma et al. 2001) . A mechanism of Al exclusion now described in many species relies on the release or efflux of organic anions such as malate and citrate from the root apices (Delhaize et al. 2007; Kochian et al. 2015; Ma et al. 2001; . These organic anions chelate Al 3+ in the apoplast and rhizosphere and reduce its potential to damage the root tissues. Malate and citrate release occurs via membrane-bound transport proteins encoded by members of the aluminium activated malate transporter (ALMT) or the multidrug and toxic compound exudation (MATE) gene families, respectively (Delhaize et al. 2007; Delhaize et al. 2012; Furukawa et al. 2007; Magalhaes et al. 2007; Sasaki et al. 2004 ). In hexaploid wheat, (Triticum aestivum L.) Al resistance is strongly correlated with malate efflux from the root apices via an anion channel encoded by the TaALMT1 gene on chromosome 4DL (Raman et al. 2005; Sasaki et al. 2004 ). TaALMT1 expression is constitutively higher in the root apices of Al resistant cultivars compared to Al-sensitive cultivars and Al 3+ cations are required to directly activate the TaALMT1 proteins to release malate from root apices. Al-resistant cultivars of wheat have greater TaALMT1 expression levels than sensitive cultivars due to the presence of repeated blocks of sequence in the TaALMT1 promoter . To date, the major variants or alleles of this region have been designated as Type I to Type VII but more are likely to exist. These alleles reflect the number and order of repeats most of which can be distinguished with genetic markers (Raman et al. 2008; Sasaki et al. 2006) . In general, a greater number of repeats is associated with high TaALMT1 expression, more malate efflux and enhanced Al resistance . Most Alsensitive cultivars of wheat have the Type I allele with no repeats in the promoter, low TaALMT1 expression and low malate release. Many Al-resistant cultivars possess the Type Vallele which has three large sequence repeats, higher TaALMT1 expression and greater malate release than sensitive cultivars (Raman et al. 2008 ). ET8 and ES8 are near-isogenic wheat lines that vary in Al resistance at the TaALMT1 locus. ES8 has the Type I allele for TaALMT1 and ET8 has the Type V allele for TaALMT1. McDonald et al. (2013) analysed 233 trials over 12 years largely from South Australia and Western Australia to assess the contribution of various traits to the variation in grain yield. The study compiled the cultivars, average yields and rainfall events for those trials but did not include soil characteristics. They also measured aspects of root structure, nutrient efficiency and tolerance to certain abiotic stresses (salinity, high pH, Al and B) of the 52 cultivars studied and combined this information with their known phenology. Among the root traits assessed, tolerance to salinity (as measured by Na + exclusion) was more frequently associated with high yields across all trials than any other trait. This was followed by resistance to Al and then by tolerance to B toxicity. The authors found that cultivars tolerant to high pH were also more likely to be tolerant of B toxicity and, interestingly, cultivars that were more tolerant of B toxicity were also more likely to be resistant to Al toxicity (McDonald et al. 2013) .
A similar retrospective study compared average yields from 208 wheat trials with the allelic variation in the major genes controlling phenology, plant height and Al resistance (Eagles et al. 2014) . These trials were also conducted across southern Australia where top soil pH ranged from mildly acidic (pH 4.8 to 5.5) to mildly alkaline (pH 7.0 to 8.5). Over all sites and experiments no advantage to yield was detected for the Type V allele of TaALMT1 (associated with Al resistance) compared to the Type I allele (associated with Al sensitivity) even on mildly acidic soils. This is consistent with previous studies that show that the benefit of TaALMT1 is prominent in soil with pH < 4.5 where Al 3+ cations are prevalent (Tang et al. 2003, b) . Unexpectedly, the Type V allele of TaALMT1 was associated with better yields on mildly alkaline soils, especially in hotter environments, and Eagles et al. (2014) speculated that the resistant allele of TaALMT1 might either be protecting roots from the aluminate anions [Al(OH) 4 ] − in alkaline subsoils (Brautigan et al. 2012) Ryan et al. 1995; Sasaki et al. 2004 ). Yet, soon after its publication, further links between TaALMT1 and high-pH tolerance were raised by Ramesh et al. (2015) who also concluded that ET8 wheat was more tolerant of alkaline conditions than ES8. Ramesh et al. (2015) found that ET8 seedlings grew longer roots and released more malate than ES8 after 20 h treatments in pH 9. (Ramesh et al. 2015) . The authors explained this response by proposing the malate efflux was balanced by proton efflux which decreased the apoplastic pH of ET8 roots and either enhanced cell wall extension or improved nutrient uptake. The efflux of organic anions from roots in alkaline soils can benefit plant growth under some conditions (Strom et al. 2005) .
The results of Eagles et al. (2014) and Ramesh et al. (2015) are intriguing but uncertainties remain around the links between TaALMT1 function and high pH tolerance. Soil characterization in the Eagles et al. (2014) study was minimal and included only basic measurements of pH. The growth studies conducted by Ramesh et al. (2015) were short-term hydroponic experiments and none included soil. The present study used the near-isogenic wheat lines ET8 and ES8 to test the main tenets of this hypothesis with growth experiments in a range of contrasting soils and in hydroponics.
Material and methods

Plant material
ES8 (Al-sensitive) and ET8 (Al-resistant) are nearisogenic lines that differ in Al resistance at a single major locus at the TaALMT1 gene on chromosome 4DL (Raman et al. 2005; Sasaki et al. 2004) . The background of these lines is largely cv. Egret as described previously . ES8 possesses the Type I allele of TaALMT1 (designated TaALMT1-I) which is associated with low levels of TaALMT1 expression in the root apices and low malate efflux. ET8 possesses the Type V allele of the TaALMT1 (designated TaALMT1-V) which is associated with high levels of TaALMT1 expression in root apices and greater malate efflux. Sasaki et al. 2006) .
Soil experiments
Growth was measured in six contrasting soils (Table 1) . The Robertson soil (pH = 4.08; −34.596444, 150.605952) was acidic, Al-toxic and highly phosphorus P-fixing. An additional treatment with added KH 2 PO 4 to raise the Colwell P of this soil from 70 to 239 mg kg −1 was included. This higher Colwell P was still P-limiting for wheat in longer-term growth studies (Liao et al. 2008 138.195753) . Moisture content of the Robertson, Wallaroo, Eyre Peninsula and Streaky Bay soils were adjusted to 80% field capacity and placed in pots (20 cm high × 8.5 cm diameter). The growth experiments were conducted in a growth cabinet (day/night was 22°C /18°C for 16 h/8 h) or glasshouse (22°C /18°C) with natural light over 10 days. The Mallala and Redhill soils had high clay contents and prone to cracking. These soils were mixed with 20% coarse sand, adjusted to moisture contents of 50% and 60% field capacity, respectively, and placed in pots (19 cm high and 6.3 cm diameter). Experiments using these soils were run were for seven days.
Hydroponic experiments ET8 and ES8 grain were weighed (usually 45-55 mg) and imbibed on moist filter paper at 4°C for two days and then germinated at room temperature for two days. The seedlings were planted in aerated hydroponic tanks or in various soils. Hydroponics experiments used aerated 20 L tanks (50 cm length × 30 cm width × 15 cm height) placed in growth chambers (16 h/8 h day/night at 22/18°C for) or in a glasshouse with natural light. Two basal hydroponic solutions were used that were modified by altering the pH and adding additional salts. Hydroponic solution 1 consisted of 500 μM CaCl 2 , 150 μM MgSO 4 , 500 μM KNO 3 , 2 μM FeEDTA, 500 μM NH 4 NO 3 , 10 μM KH 2 PO 4 , 11 μM H 3 BO 3 , 2 μM MnCl 2 , 0.35 μM ZnSO 4 and 0.2 μM CuCl 2 .
Various buffers including 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) or bis-Tris propane (BTP) were added to the basal solution along with a variety of other salts including Na 2 CO 3 , NaHCO 3 , Na 2 SO 4 or Na 2 SO 4 . The pH of the solutions was adjusted as described in the text. Hydroponic solution 2 was used previously to score wheat cultivars for tolerance to high pH (McDonald et al. 2013; Millar et al. 2007 ). The control solution comprised 0.5 mM Ca(NO 3 ) 2 , 15 μM H 3 BO 3 and 0.2 μM ZnSO 4 (pH 6). The high pH treatment also included 5 mM NaHCO 3 , 1 mM Na 2 CO 3 and 5 mM CaCO 3 (pH 9.1). The high pH solution was aerated with CO 2 -free air by using a 10 M KOH trap and treatments were monitored daily for pH. Net root growth was compared in the control and high pH solutions after 10 days.
Measurements
In the hydroponic experiments the longest root, total root length or root biomass were measured. At the end of the experiment roots and shoots were excised. Roots were scanned using WinRhizo™ to estimate total root length and then roots and shoots were dried at 70°C for two days and weighed. For harvesting soil-grown plants, the roots were washed out and scanned for total root length and then roots and shoots were dried and weighed. Relative root length (relative shoot biomass etc) were calculated as root length (shoot biomass) measured at the treatment pH relative to the control treatment.
Malate efflux
Malate efflux was measured from root apices excised from sterile seedlings grown in flasks as described previously (Pereira et al. 2010; Ryan et al. 1995) . The high pH treatment included 10 mM Na 2 SO 4 unbuffered at pH 9.0. Malate in the solutions was estimated with an enzymatic assay ).
Boron tolerance
Root and shoot growth of ES8 and ET8 were measured after growth in 20 L hydroponic basal solution 1 with various H 3 BO 3 concentrations. The first experiment measured growth after seven days in 0, 2.5 or 5 mM H 3 BO 3 (pH 6.0) with 16 seedlings per treatment. The second experiment measured growth after 20 days in 0 or 4 mM H 3 BO 3 (pH 6.0) using 10 to 13 replicate seedlings per treatment. Roots were either scanned for total root length or dried with the shoots at 70°C for two days and weighed to measure biomass.
Statistical analysis
Data from total root length, root and shoot dry weight were subjected to Student's t-test (P = 0.05). To test for statistical differences in relative root length (relative shoot biomass etc) between ES8 and ET8 we used an adapted statistical analysis described previously (Zhou et al. 2013) .
Results
Soil experiments
Growth experiments were performed with soils collected from New South Wales and South Australia. Characteristics of these soils are summarized in ) we included an extra treatment with added phosphorus. After 10 days growth in Robertson soil, with or without added P, total root length of ET8 was two to three-fold greater than ES8 which is consistent with their contrasting resistance to Al toxicity (Fig. 1a) . Root biomass did not differ between ET8 and ES8 in Robertson soil (Fig. 1b) which is consistent with previous reports showing that while Al inhibits root elongation the roots become shorter and thicker (Foy 1984) . No differences in shoot biomass were detected between ET8 and ES8 (Fig. 1c) which was also similar to previous short-term experiments. In the non-toxic Wallaroo soil (pH 5.4) total root growth, biomass and shoot biomass were the same for ET8 and ES8 (Fig. 1 ). These results demonstrate that root growth of ET8 was greater than ES8 in an acid soil containing toxic concentrations Final total root length (a), root biomass (b) and shoot biomass (c) of ET8 and ES8 plants was measured after 10 days growth in the Robertson and Wallaroo soils. Data show the mean and SE (n = 6-8). An asterisk indicates a significant difference between ES8 and ET8 for that soil (P < 0.05) of Al. These differences were not observed in a pH 5.4 soil without Al toxicity.
A series of experiments then compared ES8 and ET8 growth in four contrasting alkaline soils from South Australia with pH values ranging from 7.7 to 8.0. These experiments measured final total root length, root biomass and shoot biomass. In all four soils no differences were detected between ES8 and ET8 for any parameter (Fig. 2) . Trials with the Mallala and Redhill soils were conducted over seven days while those with Streaky Bay or Eyre Peninsular were ten days long.
Hydroponic experiments
We first confirmed that the batches of ET8 and ES8 grain differed in Al resistance by growing seedlings for five days in hydroponics with and without 10 μM AlCl 3 (pH 4.3). ET8 and ES8 plants had similar net root growth in the control treatment but, in the presence of Al, root growth of ES8 was significantly inhibited whereas ET8 was unaffected (Fig. 3) . Relative root length (RRL) of ET8 was nine-fold greater than ES8.
Growth of ET8 and ES8 was then compared in a series of hydroponic treatments with various added salts and different buffers to adjust pH. These treatments were designed to reflect published reports and mimic conditions in some alkaline soils with high carbonate levels. In some experiments we measured net growth of the longest root while in others we measured total root length (see legends). Also included are calculations of relative root length or relative total root length to account for any variation in seed stocks. Relative values for each genotype are defined as the measurement in a high pH treatment compared to the value in a control, low pH treatment.
The first experiment measured root growth in hydroponic solution 1 amended with different anions and buffers. The control solution was pH 4.3 (no Al) while 3 Comparing the Al 3+ resistance of ET8 and ES8 in hydroponics. (a) Net root length (net growth of longest root) and (b) relative root length of ES8 and ET8 after five days growth in hydroponic solution 1 (unbuffered) with and without 10 μM AlCl 3 (pH 4.3). Data show mean and SE (n = 4). Error bars on the data in b are corrected SE. An asterisk in (a) indicates a significant difference between treatments for each line, whereas an asterisk in (b) indicates a significant difference between ES8 and ET8 using a Students t test (P < 0.05) the high pH treatments used 5 mM NaHCO 3 to adjust pH to 8.1 or BTP to adjust pH to 9.5 (Fig. 4a,b) . Root growth of ET8 tended to be greater than ES8 in both the pH 4.3 control solution and pH 8.1 solutions but the difference was significantly greater in the pH 8.1 treatment only. However relative root length did not differ between ET8 and ES8.
The second series of experiments used the hydroponic solution 1 (pH 6.0) as the control and a series of treatments with added Na 2 CO 3 , NaHCO 3 or Na 2 SO 4 and buffers, all at pH 8.1 (Figs. 4c,d and 5 ). Individual treatments did show a significant difference in root growth between ET8 and ES8 for the control, unbuffered, and 2 mM Na 2 SO 4 treatments but for relative root length the only statistically significant difference was for the 1 mM Na 2 CO 3 treatment where ES8 was greater than ET8.
A third set of hydroponic experiments followed the method used previously to score wheat cultivars for tolerance to high pH (McDonald et al. 2013; Millar et al. 2007 ). The control treatment in this experiment was adjusted to pH 7.0 and the high pH treatment included a mixture of HCO 3 − and CO 3 2− (pH 9.1) aerated with CO 2 -free air to miminise pH changes (McDonald et al. 2013 ). This experiment was performed twice: one lasting for five days (Fig. 6a,b) and the other for ten days (Fig. 6c-f longest root in the first experiment but the second experiment measured the longest root and total root growth. No differences in longest root length or total root length were detected between ET8 and ES8 for either experiment and, correspondingly, no differences in relative growth were detected in these measurements.
Malate efflux at high pH
Malate release was measured from excised root apices of ET8 and ES8 seedlings. Efflux occurred over one hour in a simple solution (0.2 mM CaCl 2 , pH 4.5), with and without addition of 100 μM AlCl 3 , or in 0.2 mM CaCl 2 and 10 mM Na 2 SO 4 adjusted to pH 9.1 with NaOH. Malate efflux from ET8 was the same as ES8 for all treatments except for pH 4.5 with Al 3+ where efflux from ET8 was four-fold greater than ES8. This is consistent with previous studies comparing Al-resistant and sensitive genotypes of wheat Ryan et al. 1995) (Fig. 7) .
ET8 and ES8 responses to B toxicity McDonald et al. (2013) reported that cultivars resistant to Al toxicity were also more likely to be tolerant to B toxicity. We tested whether the higher expression of TaALMT1 in ET8 provided any protection from B toxicity by measuring root and shoot growth in various H 3 BO 3 treatments. In the first experiment total root length and final shoot biomass were measured after 12 days in 0, 2.5 and 5.0 mM H 3 BO 3 (Fig. 8a-d) . In a second experiment total root biomass and shoot biomass were measured after 21 days in 0 and 5 mM H 3 BO 3 (Fig. 8e-h ). Growth was significantly inhibited at all B levels with the highest concentration reducing root 6 Root growth of ET8 and ES8 using hydroponic solution 2. Root growth of ET8 and ES8 were compared in hydroponic solution 2 as described by McDonald et al. (2013) . Experiment 1 (a, b) compared root length (net growth of longest root) and relative root length after five days. Experiment 2 (c-f) compared root length (c) and total root length (e), as well as relative root length (d) and relative total root growth (f) after 10 days. The control solution (cont) was adjusted to pH 7 and the high pH solution was~pH 9.1. Mean and SE (n = 9-10) and the absence of asterisks means no significant difference between lines ES8 and ET8 (P 0. pH 4.3 + Al pH 9.0 10 mM Na 2 SO 4 pH 4.3 * Fig. 7 Malate efflux from the roots of ET8 and ES8. Malate efflux from the excised root apices of ES8 and ET8 seedlings treated with 0.2 mM CaCl 2 with and without 100 μM AlCl 3 (pH 4.3) or 0.2 mM CaCl 2 with 10 mM Na 2 SO 4 (pH 9.0, unbuffered). Data show the mean and SE (n = 5). The absence of an asterisk indicates no significant differences between ES8 and ET8 (P > 0.05) growth to~40% of controls. No significant differences in total root length, root biomass were detected between ET8 and ES8 in either experiment. Similarly no differences between ES8 and ET8 were detected in shoot biomass in either experiment. The results indicate that in short-term growth assays ET8 and ES8 do not differ in tolerance to B stress.
Discussion
In a study of 208 wheat trials conducted in South Australia, Victoria and southern NSW Eagles et al. (2014) concluded that wheat with the Type V promoter allele of the TaALMT1 gene (TaALMT1-V) tended to perform better on mildly alkaline soils than wheat with the Type I promoter allele (TaALMT1-I). In other words, cultivars that were tolerant of acid soils tended to yield better on mildly alkaline soils than cultivars that were sensitive to acid soils. The inference was that TaALMT1, the major gene controlling tolerance to acid soils, was protecting plants from one or more of the stresses present in high pH soils. Prior to that study, the only function assigned to the TaALMT1 anion channel was to facilitate the Al 3+ -dependent release of malate from roots. Since Al 3+ cations occur in acid soils, not alkaline soils, the findings of Eagles et al. (2014) were unexpected. These ideas require TaALMT1 to release malate in high pH conditions in the absence of free Al 3+ ions. Nevertheless support for the conclusion of Eagles et al. (2014) was provided by Ramesh et al. (2015) who independently concluded that ET8 was more tolerant of alkaline conditions than ES8. Ramesh et al. (2015) compared net root growth in young ES8 and ET8 seedlings over 20 h in 1.8 ml of 3 mM CaCl 2 , 5 mM MES/BTP and 10 mM SO 4 2− (pH 9.0). Additional experiments with seedlings, as well as heterologous expression systems (tobacco suspension cells and Xenopus oocytes), demonstrated that malate efflux via TaALMT1 did indeed occur at pH > 7.5 as long as 10 mM concentrations of organic or inorganic anions were added to the external media (Ramesh et al. 2015) . They suggested protons released with the malate lowered the apoplastic pH of the root cells which improved root growth.
However, Eagles et al. (2014) compared wheat varieties, not near-isogenic lines, and Ramesh et al. (2015) did not perform soil trials. The present study tested the main tenets of this hypothesis using the near-isogenic wheat lines ET8 and ES8. We confirmed that our stocks of ET8 and ES8 differed in Al 3+ resistance both in acid soil and hydroponic experiments. However the only differences in root growth between ET8 and ES8 in soil experiments occurred in the acidic ferrosol that contained high levels of exchangeable Al. No differences in root growth were detected in four other alkaline soils of varying mineralogy. In the hydroponic experiments large differences in root growth between ES8 and ET8 also occurred in an acidic solution with toxic levels of Al 3+ but no consistent differences in root growth were detected in any of the treatments with pH ranging from pH 8.0 to 9.1. These included specific solutions previously used to screen wheat cultivars for tolerance to high pH. Finally, we detected malate efflux from ET8 roots in acidic solution with Al 3+ but no substantial malate efflux was detected in another treatment at pH 9.1.
In a different survey of wheat yields over southern Australia McDonald et al. (2013) concluded that cultivars resistant to Al toxicity were no more likely to be tolerant of high pH. This does not support the model presented by Eagles et al. (2014) but it is consistent with other information. For example Krichauff, one of the most successful wheat cultivars in the highly-alkaline soils of South Australia, has the Type I promoter allele for TaALMT1 and is sensitive to Al toxicity (Millar et al. 2007; Raman et al. 2008 ). This suggests that TaALMT1 is unlikely to be a major contributor to high pH tolerance or, at least, is not an important source for breeding purposes. Eagles et al. (2014) noted that a more comprehensive characterization of the soils would have helped their analysis. This is particularly true for soil pH which was only defined by general categories in the topsoil (mildly acidic, neutral, mildly alkaline). Eagles et al. (2014) argued that many soils in the Bmildly alkalineĉ ategory could have been much more alkaline at depth. They proposed that the TaALMT1-V could have been protecting plants from the aluminate anion, Al(OH) 4 − , which is more prevalent at high pH and potentially toxic to plants (Brautigan et al. 2012 ). However no mechanism was provided as to how malate efflux via TaALMT1 could afford protection from aluminate. It could be equally argued that a mildly alkaline topsoil could overlay a more acidic subsoil. The application of lime to correct sub-soil acidity is now becoming routine and since lime can take years to move down the profile, especially in minimal till production systems, it is common for soils to have a much higher pH in the topsoil than at depth (Dolling et al. 2001; Helyar 1991) . Therefore it is possible that, for a subset of the mildly alkaline soils, TaALMT1-V was protecting plants from subsoil acidity. Admittedly, if this was occurring we would have also expected TaALMT1-V to provide a yield advantage in mildly acidic soils for the same reasons, but this was not observed (Eagles et al. 2014) . McDonald et al. (2013) concluded that the genotypic variation in high pH tolerance was relatively small among the 208 cultivars they tested and that tolerance to high pH per se was less important than the other sub-soil limitations that occur on alkaline soils such as salinity and B toxicity. Approximately 30% of cropping soils in South Australia have B concentrations above the recommended levels of 15 mg/kg soil. Indeed, McDonald et al. (2013) found that that cultivars tolerant of B toxicity were more likely to be tolerant of high pH and more resistant to Al toxicity. Whether this association is related by a common physiological function, genetically linked traits or just co-incidental, is unclear.
Tolerance to B toxicity in plants generally depends on excluding B from the roots and shoots. An important mechanism of B tolerance in barley relies on the efflux of borate anions from root cells via an anion channel encoded by HvBOT1 on chromsome 4H (Reid 2007; Sutton et al. 2007 ). Several QTL for B tolerance in wheat are associated with superior yields in the high-B soils of southern Australia (Jefferies et al. 2000; Nable et al. 1997; Paull et al. 1991) . Two of these QTL on chromosomes 7BL (Bo1) and 4AL (Bo4) contain genes that encode anion channels similar to HvBOT1 and presumably function in the same way -even though they are not direct orthologues of the barley gene (Pallotta et al. 2014) .
Interestingly, a link between ALMT transporters and B tolerance was reported recently in rice. Overexpression of the rice OsALMT4 gene slightly enhanced the B tolerance of the transgenic lines (Liu et al. 2017) and the authors proposed that OsALMT4 might be facilitating the efflux of borate anions in a similar manner as the BOT1-like proteins in barley and wheat. Those findings together with the study of McDonald et al. (2013) prompted us to directly compare the B tolerance of ET8 and ES8 to determine whether different alleles of TaALMT1 could explain the observation of Eagles et al. (2014) . Fortunately, the genetic background of these near-isogenic is largely from the cultivar Egret which is sensitive to B (Jefferies et al. 2000) and convenient for assessing the effect of TaALMT1-V. We found no significant differences in root or shoot biomass between ET8 and ES8 grown in toxic concentrations of B. This indicates that TaALMT1 does not substantially contribute to B tolerance, at least in these short-term growth assays.
Conclusions
We performed a series of short-term growth trials to test the conclusions of Eagles et al. (2014) and Ramesh et al. (2015) that the Al resistance gene TaALMT1 also improves growth and performance at high pH. We found no consistent evidence that ET8 or ES8 differed in their tolerance to alkaline soils, high pH solutions or to B toxicity. We could not corroborate previous reports that malate efflux occurs via TaALMT1 under alkaline conditions and so the effect of malate efflux on root growth in alkaline soils requires further investigation. Future work should test these findings with near-isogenic lines in full-season field trials on a range of alkaline soils.
